Background Atopic dermatitis is a chronic inflammatory condition with substantial burden and limited treatment options for adolescents with moderate-to-severe disease. Significantly more patients treated with dupilumab vs. placebo achieved Investigator's Global Assessment 0/1 at week 16.
Introduction
Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by eczematous lesions and often intense pruritus and atopic and non-atopic comorbidities [1] [2] [3] [4] . The burden of moderate-to-severe AD on adolescents and their caregivers is substantial, particularly pruritus associated with chronic sleep disturbance, which can profoundly affect daily functioning, quality of life (QoL), social interactions,
Key Points
In a randomized, placebo-controlled, phase III clinical trial, adolescents with moderate-to-severe atopic dermatitis (AD) receiving dupilumab showed significant improvements in clinical signs as demonstrated by Investigator's Global Assessment (IGA) score reflecting clear (0)/almost clear (1) skin at week 16; however, the IGA may not comprehensively capture the impact of AD, including patient-reported symptoms and health-related quality of life.
The majority of adolescents treated with dupilumab showed statistically significant and clinically meaningful improvements in AD signs, symptoms (including pruritus, sleep loss), and quality of life compared with placebo-treated patients, even among those not achieving IGA 0/1.
The IGA response should be interpreted within the context of additional outcome measures that more comprehensively characterize changes with treatment in AD signs, symptoms, and quality of life in adolescents with moderate-to-severe disease.
with moderate-to-severe AD who are candidates for systemic therapy in the European Union [26] . Dupilumab is also approved by the US Food and Drug Administration [25] as an add-on maintenance treatment in patients aged ≥ 12 years with moderate-to-severe asthma and an eosinophilic phenotype or with oral corticosteroid-dependent asthma regardless of eosinophilic phenotype [27] [28] [29] .
Adolescents with moderate-to-severe AD treated with dupilumab showed significant improvements in a randomized, placebo-controlled, phase III clinical trial (R668-AD-1526 LIBERTY AD ADOL, NCT03054428) [30] . Both co-primary endpoints of the trial were achieved in more patients receiving dupilumab than in those who received placebo. Those endpoints were a score of 0 (clear skin) or 1 (almost clear skin) and ≥ 2 points improvement from baseline in Investigator's Global Assessment (IGA) score (p < 0.0001) and at least 75% improvement in the Eczema Area and Severity Index (EASI-75; p < 0.0001) at week 16. The IGA is useful because of its simplicity, precedence, and endorsement by regulatory authorities, but is limited strictly to cutaneous signs and does not assess the body surface area (BSA) affected or patient-reported symptoms, which have the greatest impact on QoL. Correlations between investigator-and patient-reported outcome measures of disease severity are weak to moderate [31, 32] . For these reasons, a comprehensive evaluation of the effectiveness of AD treatment combines clinician-and patient-reported measures to more broadly assess AD signs, symptoms (e.g., pruritus, sleeplessness), and health-related QoL. Such a definition of treatment response would be more relevant for clinical decision making than one based on IGA alone. Therefore, clinically meaningful improvements are defined here as improvements from baseline of ≥ 50% in EASI [26, 33] , ≥ 3 points in the Peak Pruritus Numerical Rating Scale (NRS) score [34, 35] , or ≥ 6 points in the Children's Dermatology Life Quality Index (CDLQI) [36] , values based on published thresholds of clinically meaningful improvements.
To more thoroughly evaluate the clinical benefit of dupilumab, we report here post-hoc analyses of the proportions of adolescents with moderate-to-severe AD who had clinically relevant responses to dupilumab vs. placebo in the LIBERTY AD ADOL trial. We also evaluate the relationship between dupilumab exposure and achievement of these clinically relevant endpoints.
Patients and Methods

Study Design
The design and primary results from the LIBERTY AD ADOL study have been reported previously and are briefly and psychosocial health [5] [6] [7] [8] [9] [10] [11] . Adolescents commonly have persistent disease that extends into adulthood [12] , indicating that the underlying pathophysiology and clinical manifestations of AD are similar in adolescents and adults [13] .
Until recently, the only approved treatment options for adolescents with moderate-to-severe AD were topical agents and systemic corticosteroids, treatments recommended by clinical practice guidelines only in limited circumstances [14, 15] . Most treatments for adolescents are used off label, including systemic immunosuppressants such as methotrexate and cyclosporine, with unclear long-term risks and benefits [16] [17] [18] .
Dupilumab, a fully human VelocImmune ® -derived [19, 20] monoclonal antibody, blocks the shared receptor unit for interleukin-4 and interleukin-13, thus inhibiting signaling of both cytokines. In clinical trials, dupilumab demonstrated significant efficacy in improving signs and symptoms of AD, symptoms of anxiety/depression, and QoL in adults with moderate-to-severe AD, with a favorable safety profile [21] [22] [23] [24] . Dupilumab is approved for subcutaneous administration for the treatment of patients aged ≥ 12 years in the USA with moderate-to-severe AD inadequately controlled with topical prescription therapies or when those therapies are not advisable [25] , for the treatment of adult patients with AD not adequately controlled with existing therapies in Japan, and for use in patients aged ≥ 12 years summarized here [30] . LIBERTY AD ADOL was a multicenter, randomized, placebo-controlled, double-blinded, parallel-group, phase III study conducted in accordance with the ethical standards of the responsible committees and the Declaration of Helsinki and with the International Conference on Harmonization guidelines for Good Clinical Practice. The protocol is available in the Electronic Supplementary Material (ESM). The trial was overseen by an independent data and safety monitoring board. Written informed consent was obtained from all patients or their proxies.
Patients, Randomization, and Masking
Patients aged ≥ 12 to < 18 years with moderate-to-severe AD not adequately controlled by topical medications or for whom topical therapy was not advisable were eligible to participate. At screening and baseline visits, eligible patients had an IGA score ≥ 3 (out of 4), EASI ≥ 16 (out of 72), Peak Pruritus NRS score ≥ 4 (out of 10), and BSA affected by AD ≥ 10%. Patients were randomly selected to receive dupilumab every 2 weeks (q2w; 200 mg if baseline weight was < 60 kg or 300 mg if baseline weight was ≥ 60 kg) or every 4 weeks (q4w; 300 mg) or placebo q2w for 16 weeks. To maintain blinding, patients in the q4w group received injections q2w, alternating placebo with active treatment. Topical or systemic medications such as non-steroidal immunosuppressants, corticosteroids, or calcineurin inhibitors were prohibited unless required for rescue treatment for intolerable symptoms.
Study Outcomes
The co-primary endpoints of this trial were the proportions of patients achieving an IGA score of 0 or 1 (and ≥ 2-point improvement in IGA score) and EASI-75 at week 16 [30] . Here, we report secondary outcomes and post-hoc analyses performed on the full analysis set (FAS) of randomized patients and on a subgroup of patients who did not achieve an IGA score of 0 or 1 at week 16 (IGA > 1 subgroup).
Clinician-and patient-reported outcomes included changes from baseline to week 16 in EASI, SCORing Atopic Dermatitis (SCORAD) total score, BSA affected, Peak Pruritus NRS score, SCORAD pruritus and sleep visual analog scale (VAS) score, Patient-Oriented Eczema Measure (POEM) score, CDLQI, and Hospital Anxiety and Depression Scale (HADS) total score and scores on the anxiety (HADS-A) and depression (HADS-D) domains.
We compared the proportions of patients who achieved the clinical response thresholds of EASI-50, EASI-75, ≥ 3or 4-point improvement in the Peak Pruritus NRS score, or ≥ 6-point improvement in the POEM score or CDLQI and of those in each response category of the Patient Global Assessment of Disease Severity ("no symptoms," "mild symptoms," "moderate symptoms," or "severe symptoms"). Clinically meaningful improvement in at least one of the three domains of signs, symptoms, and QoL was defined as EASI-50, ≥ 3-point improvement in Peak Pruritus NRS score from baseline, ≥ 6-point improvement in POEM score from baseline, or ≥ 6-point improvement in CDLQI from baseline at week 16. Improvement thresholds for EASI [26, 33] , Peak Pruritus NRS score [34, 35] , POEM score [33, 36] , and CDLQI [36] were based on the published minimal clinically important differences in the population of adolescents with AD. We also assessed the proportions of patients with EASI ≤ 7 at week 16, a category that corresponds to mild AD [37] , and with CDLQI ≤ 6, a category indicating no or a small impact on QoL [38] .
Concentrations of dupilumab at week 16 in the FAS were compared in those who achieved EASI-50 or Peak Pruritus NRS ≥ 3-point improvement from baseline or CDLQI ≥ 6-point improvement from baseline at week 16 and in those who did not. Serum samples for quantification of functional dupilumab concentrations were analyzed using a validated enzyme-linked immunosorbent assay.
The proportions of patients needing rescue medication were evaluated. Safety outcomes from the LIBERTY AD ADOL trial have been reported previously for the overall population and are summarized here for the safety analysis set and the IGA > 1 post-hoc analysis subgroup [30] .
Statistical Analysis
Statistical methods for the LIBERTY AD ADOL study have been reported previously [30] . The statistical analysis plan is available in the ESM. Binary endpoints were analyzed using the Cochran-Mantel-Haenszel test with adjustment for randomization strata (baseline disease severity and weight). Patients with missing values at week 16 or who used rescue medication before week 16 were considered "non-responders" and their data were imputed. Continuous outcomes were analyzed using multiple imputation and analysis of covariance with treatment, with randomization strata and relevant baseline values included in the model. Data from patients using rescue medication were considered "missing" from the time of use and imputed by multiple imputation. Descriptive statistics were used to assess demographic and clinical characteristics. Least-squares mean (with standard error) and percent change from baseline were reported for EASI, SCO-RAD total and SCORAD pruritus and sleep VAS scores, BSA, Peak Pruritus NRS score, POEM score, CDLQI, and HADS total and HADS-A and HADS-D domain scores. The proportions of patients meeting pre-specified thresholds for other outcomes were reported as number and percentage of total. Patients who withdrew or received rescue medication were counted as "non-responders" from the time of withdrawal or of use of rescue medication. Patients with missing values at week 16 were considered "non-responders" and were combined with patients who did not achieve IGA score 0 or 1 at week 16, to comprise the week 16 IGA > 1 subgroup.
For the comparison of dupilumab concentrations at week 16, logistic regression analysis was conducted when the probability of achieving IGA 0 or 1 was related to the exposure metric, observed C trough . All analyses were performed using SAS statistical software (version 9.2 or higher; SAS Institute, Inc., Cary, NC, USA).
Results
Patients
A total of 251 patients in the FAS were randomly selected to receive dupilumab 300 mg q4w (n = 84), dupilumab 200 or 300 mg q2w (n = 82), or placebo q2w (n = 85) ( Fig. S1 of the ESM). The IGA > 1 subgroup (patients who did not achieve IGA 0 or 1 at week 16) consisted of 214 patients of whom 69 received dupilumab 300 mg q4w, 62 dupilumab 200 or 300 mg q2w, and 83 placebo ( Fig. S1 of the ESM). Baseline demographic and clinical characteristics of patients in the FAS and the IGA > 1 subgroup (Table 1) were generally similar across treatment groups. Compared with the overall FAS population, the IGA > 1 subgroup had a greater proportion of patients with indicators of more severe disease at baseline as reflected by IGA score, EASI, SCORAD, BSA affected by AD, and CDLQI. Nearly all patients across treatment groups had at least one comorbid allergic condition 
Clinician-and Patient-Reported Outcomes
Full Analysis Set of Randomized Patients
A significantly greater proportion of patients receiving dupilumab achieved the co-primary endpoints of IGA score 0 or 1 (and ≥ 2 points improvement) and EASI-75 at week 16, compared with those receiving placebo, as reported previously [30] . Patients receiving dupilumab had statistically significant improvements from baseline to week 16, vs. placebo, in EASI, SCORAD total score, Peak Pruritus NRS score, SCORAD pruritus VAS score, SCORAD sleep VAS score, POEM score, and CDLQI ( Table 2 ) and significantly more of them also achieved EASI ≤ 7 or CDLQI ≤ 6 by week 16 ( Table 2) .
More dupilumab-than placebo-treated patients achieved clinically meaningful improvements in at least one of the three domains of signs (EASI-50), symptoms (Peak Pruritus NRS ≥ 3-point improvement from baseline), and QoL (CDLQI ≥ 6-point improvement from baseline) throughout the study (Fig. 1 (Fig. 1d ). Clinically meaningful improvement in all three domains at week 16 was achieved in 24% of the dupilumab q2w group and in 29% of the dupilumab q4w group; 33% of the dupilumab q2w and 23% of the dupilumab q4w group had improvement in two of the three domains ( Fig. 2 and Fig.  S2 of the ESM). Dupilumab-treated patients had achieved clinically meaningful response thresholds by the earliest measured time point for EASI-50 (week 1) and CDLQI ≥ 6 (week 2) and by week 3 in the q2w group for Peak Pruritus NRS score ≥ 3 (Fig. 1 ). The q2w regimen was numerically superior to the q4w regimen for individual EASI-50 and Peak Pruritus NRS responses; CDLQI responses were similar with the two regimens. Mean percentage changes from baseline across outcomes for signs, symptoms, and QoL at each study visit, as well as the number of patients achieving ≥ 6-points improvement in POEM score, are provided in Fig. S3 of the ESM [30] . Baseline and week 16 photographs of two patients provide a visual representation of the clinical changes in AD that can be achieved with dupilumab treatment despite not reaching an IGA score of 0 or 1 (Fig. S4 of the ESM).
Median dupilumab concentrations at week 16 were higher by a factor of 3 in patients who achieved EASI-50 or Peak Pruritus NRS ≥ 3-point improvement from baseline or CDLQI ≥ 6-point improvement from baseline at week 16 than in those who did not (approximately 40 mg/L vs. 15 mg/L) ( Fig. S5 of the ESM). In patients who received dupilumab 200 or 300 mg q2w, median dupilumab concentrations were similar regardless of whether at least one clinically meaningful response was achieved at week 16. In patients who received the 300 mg q4w regimen, median dupilumab concentrations were lower in those without at least one clinically meaningful response at week 16 (Fig. S5b of the EMS) . Logistic regression showed a monotonically increasing relationship between the probability of achieving at least one clinically meaningful response at week 16 and dupilumab trough concentration at week 16 ( Fig. S5c of the ESM).
Evaluation of Clinically Meaningful Improvements in the Investigator's Global Assessment > 1 Subgroup: A Post-hoc Analysis
As with the FAS, patients in the IGA > 1 subgroup receiving dupilumab showed significant improvements from (Fig. 3d, Fig.  S8 of the ESM). As in the FAS, more dupilumab-than placebo-treated patients in the IGA > 1 subgroup achieved clinical response thresholds by the earliest weekly time points measured, for EASI-50 (week 1), CDLQI ≥ 6-point improvement (week 2), and Peak Pruritus NRS ≥ 3-point improvement (week 3) (Fig. 3) . The q2w regimen was numerically superior to the q4w regimen for each of these individual endpoints.
Rescue Medication Use and Adverse Events
Fewer patients receiving dupilumab needed rescue medication for intolerable symptoms than did those receiving placebo in both the FAS and the IGA > 1 subgroup ( Table 2) . Corticosteroids (groups II-IV) were the most frequently used rescue medication in all treatment groups. As reported, dupilumab had an acceptable safety profile in this adolescent patient population [30] . Safety outcomes in patients in the IGA > 1 subgroup were comparable to those in the overall study population (Table S1 of the ESM). No new safety signals were observed, and safety findings were similar to those observed in dupilumab trials in adults with moderateto-severe AD [21, 22] . (24) PGADS "severe" symptoms, n (%) 10 (12) 6 (7) p = 0.3007 6 (7) p = 0.3070 10 (12) 6 (9) 6 (10)
PGADS "very severe" symptoms, n (%) [30] For PGADS, values after the first rescue treatment were set to censor/missing, and all missing data were imputed to the worst category
Discussion
Adolescents with moderate-to-severe AD who received dupilumab experienced significant and clinically meaningful improvements in signs, symptoms, and QoL during 16 weeks of treatment, compared with those who received placebo. Patients in the FAS and the IGA > 1 subgroup had statistically significant improvements from baseline (nominal p < 0.05) as early as 1-2 weeks in EASI, SCORAD score, BSA affected, itch (Peak Pruritus NRS and SCORAD pruritus VAS scores), SCORAD sleep VAS score, POEM score, CDLQI, and the Patient Global Assessment of Disease Severity category; they also experienced less breakthrough disease, as assessed by the use of rescue medication for intolerable symptoms, compared with patients who received placebo. More dupilumab-treated patients in both analysis populations had significant improvements in several outcome measures with pre-specified thresholds for clinical importance, including EASI-50 [26, 33] and EASI-75, ≥ 3-point improvement in Peak Pruritus NRS score [34, 35] , and ≥ 6-point improvement in both POEM score [33, 36] and CDLQI [36] . Significantly more dupilumab-than placebo-treated patients in the FAS and IGA > 1 subgroup had an absolute EASI ≤ 7 or CDLQI ≤ 6 at week 16, indicating that they had, at worst, mild disease by the end of treatment [37, 38] . Together, these responses demonstrate clinically meaningful improvements in signs, symptoms, and QoL in adolescents with moderate-to-severe AD treated with dupilumab vs. placebo. In the overall population and in the IGA > 1 subgroup, the q2w regimen was numerically superior to the q4w regimen in proportions of patients achieving EASI-50, Peak Pruritus NRS ≥ 3-point improvement from baseline, or CDLQI ≥ 6-point improvement from baseline at week 16. The q2w regimen was also numerically superior for each of these individual endpoints, except for the CDLQI response in the overall population, in which the responses were similar for both regimens. For continuous endpoints, the q2w and q4w regimens were similar. The response to dupilumab treatment observed in adolescents with AD is comparable to that observed in adults [21, 22, 30] , a finding consistent with the type 2-driven pathophysiology of AD at various ages [13] and clinical presentation of AD in young children and adults. Because the signs and symptoms of AD are multidimensional, no single instrument captures the full burden of disease and benefit of treatment. The IGA was used for the primary endpoint of the LIBERTY AD ADOL trial because it provides an easy and accepted means to score disease severity; however, the IGA may not account for the multidimensional impact of treatment on AD signs, symptoms, and QoL in patients with moderate-to-severe AD. Therefore, simply assessing the proportion of patients achieving an IGA score of 0 or 1 after treatment may underestimate the holistic benefits of systemic therapy for moderate-to-severe AD, as recently demonstrated in adults [39] . As observed in this study, patients receiving dupilumab monotherapy who did not achieve an IGA score of 0 or 1 at week 16 nonetheless experienced clinically meaningful improvements in signs, symptoms, and QoL. Atopic dermatitis is a multidimensional disease and patients may have a response in one or more of these three domains, as demonstrated in Figs. 1 and 3 (percentages of patients having improvement in one or more of these domains); note that most dupilumab-treated patients had a response in at least one domain.
Generally, adolescents achieving EASI-50 or having a Peak Pruritus NRS ≥ 3-point improvement from baseline or CDLQI ≥ 6-point improvement from baseline at week 16 had higher median concentrations of dupilumab than did those who did not achieve at least one clinically meaningful response. However, when stratified by dosing regimen, the dupilumab concentration profile was similar in patients who did and did not achieve at least one clinically meaningful response to the dupilumab 200-or 300-mg q2w regimen. These findings suggest that the lack of response was not due to drug exposure but to pharmacodynamic or biologic factors. With the 300-mg q4w regimen, median dupilumab concentrations were lower in patients who did not achieve at least one clinically meaningful response at week 16.
This report of secondary and post-hoc analyses has limitations. Some outcomes reported here were not pre-specified (i.e., the analyses were not planned before initiation of the study), including the proportion of patients achieving a ≥ 6-point improvement from baseline in POEM score or CDLQI and the proportions of patients with EASI ≤ 7 and CDLQI ≤ 6. Changes from baseline to week 16 according to SCORAD pruritus and sleep VAS scores and the HADS-A and HADS-D domain scores were also not pre-specified outcomes. Although not initially planned, post-hoc analyses, along with the pre-specified endpoint analyses, provide a more complete picture of the effect of dupilumab on signs, symptoms, and QoL. The small number of patients available in some analytic subsets (e.g., of the individual clinically relevant endpoints) potentially limits the interpretability of their findings. Finally, the ability of randomization to even out inherent variability between groups was influenced by the post-hoc subgroup analysis, and inherent variability can 
Conclusions
Adolescents with moderate-to-severe AD treated with dupilumab experienced statistically significant and clinically meaningful improvements in AD signs, symptoms (including pruritus, sleep loss), and QoL at week 16, compared with placebo-treated patients. The q2w regimen was numerically superior to the q4w regimen in proportions of patients achieving EASI-50 or having a Peak Pruritus NRS ≥ 3-point improvement from baseline or a CDLQI ≥ 6-point improvement from baseline at week 16. Findings were similar in the subset of adolescents who did not achieve an IGA score of 0 or 1 at week 16, suggesting that the IGA response should be interpreted within the context of other outcome measures that more comprehensively characterize changes with treatment in AD signs, symptoms, and QoL in adolescents with moderate-to-severe disease.
